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Abstract

We have constructed an Nb3Sn cavity coating system
based on the Sn vapor diffusion method. After the con-
. struction, our coating system and environment have been
improved through sample and cavity coating tests. Our cav-
ity achieves a Q, above 1 x 10'° at 4 K after improvement.
We will report on the detail of improvement on our coating
system and RF measurement results of single-cell Nb;Sn
cavities.

INTRODUCTION

Nb;Sn is one of the leading candidates for SRF cavity
materials because it has the potential to operate cavities at
higher temperatures with a higher Q and achieve a higher
accelerating gradient [1]. Focusing on the operating tem-
perature, since the transition temperature of NbsSn is twice
that of Nb, Nb;Sn cavities can achieve O, comparable to
conventional Nb cavities at 4.2 K. In other words, the Nb;Sn
cavity has an attractive future potential to operate without
liquid helium and with conduction cooling by cryocoolers
and research for this purpose is actively underway [2—-6].
Development of Nb;Sn cavities has been actively carried
out using a variety of methods [1], among which the ther-
mal diffusion method is more advanced than others in terms
of practical application [7-12]. We also started the devel-
opment of Nb;Sn cavities based on the thermal diffusion
method in 2019 [13, 14]. Through furnace heating tests and
sample Nb;Sn coating tests, we have understood the charac-
teristics of our furnace and have performed Nb;Sn coating
on single-cell cavities a total of four times so far.

FIRST Nb;Sn COATING ON
SINGLE-CELL CAVITY

After establishing the capability to form Nb;Sn films on
Nb substrates through sample coating tests, the first Nb;Sn
coating test was performed on a 1.3 GHz single-cell cavity,
as shown in Fig. 1. The coating furnace has two heating sys-
tems, one that heats the entire furnace and one that heats the
Sn crucible independently. During coating, the Sn crucible
is heated to a higher temperature than the furnace to actively
evaporate Sn. The surface of the cavity after the coating is
visually darker gray than niobium and matte.

Figure 2 shows the Q — E curves measured at 4.2 K for
the single-cell cavity before and after the first coating. The
first-coated cavity shows a Q of 3.9 x 10° at 4.2 K and at
low field which is 5 times higher than that of the Nb cavity.
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Figure 1: Cross-section of coating furnace (left), inside
of cavity before (top right), and after first coating (bottom
right).

However, this Q) is lower than the expected value of 1 x 1010
and shows a significant Q-slope.
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Figure 2: O — E curves measured at 4.2 K for the single-cell
cavity before and after first coating.

SECOND AND THIRD Nb;Sn COATING

After the RF measurement for the first-coated cavity, we
found several points that need to be changed and began to
modify them for the next coating on the cavity.
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Modifications

The Sn crucibles we had been using had an internal struc-
ture that was long and narrow as shown in Fig 3. Therefore,
it was difficult to evaporate a sufficient amount of Sn. In
the first coating, a large amount of Sn was put into the Sn
crucible, and by keeping the Sn liquid level in the Sn cru-
cible high during the coating step, the solid angle of the
liquid level was widened and sufficient Sn was evaporated.
However, this method left Sn in the Sn crucible after coating,
which was expected to cause Sn contamination on the Nb;Sn
film, therefore, a new Sn crucible was fabricated that would
allow Sn to be completely evaporated. The inner diameter
of the new Sn crucible is ¢ 14 mm and its length is 15 mm.
This gives an effective aperture of ¢ 26 mm, more than twice
that of the conventional crucible, allowing all the Sn placed
in the crucible to evaporate.

Figure 3: Sn crucible we used for first coating (left), new Sn
crucible (center), cross-section of bottom of coating furnace
with new Sn crucible (right).

Other modifications include a clean booth around the
cavity installation port to prevent dust from entering the
coating furnace during cavity installation as shown in Fig. 4.
In addition, the top flange of the cavity was covered with
Nb foil to prevent dust from entering the cavity. This is also
to increase the Sn vapor pressure to ensure a more uniform
distribution of the Sn vapor in the cavity.

Figure 4: Newly installed clean booth.

Fundamental SRF research and development

New materials beyond niobium

SRF2023, Grand Rapids, MI, USA
ISSN: 2673-5504

JACoW Publishing
doi:10.18429/JACoW-SRF2023-TUPTBO14

Cavity Coating

The above modifications have made it possible to evap-
orate the target amount of Sn without excess or deficiency
and to perform the coating in a cleaner environment. For
the second and third coatings, 2.0 g of Sn was put in the
new Sn crucible and completely evaporated. However, this
resulted in the formation of dots on the upper side of the
inner surface of the cavity as shown in Fig. 5. In the second
coating, there was a Sn droplet on the center of each dot. In
the third coating, there were dots but no Sn droplets as seen
in the second coating. After inspecting the inner surface,
the third-coated cavity was reinstalled in the furnace and
annealed at 1100 °C for 3 hours, but no visible change in the
dots occurred. In both coatings, the dots were formed only
on the upper side of the inner surface of the cell and not on
the lower side.

Figure 5: Upper side of the inner surface of the cavity cell
in second coating (left) and third coating (right).

Free Molecular Flow Simulation on Sn Vapor

We used the COMSOL Multiphysics® software and the
Molecular Flow Module to simulate the dilute flow of the
Sn vapor at the beginning of the coating process and to
estimate the distribution of the Sn vapor dispersed in the
cavity and incident on the cavity wall [15]. When a large
amount of Sn vapor is evaporated, the Sn vapor should be
considered as a continuum flow because the mean free path
of the Sn vapor is shortened, but at the beginning of the
coating process, the Sn vapor pressure is low, therefore it
can be treated as a free molecular flow. By simulating the
Sn vapor distribution during the initial coating process, we
found that the Sn vapor evaporated from the Sn crucible
spreads out and goes directly to the upper side of the cell as
shown in Fig. 6.

Times1s Surface: Total number density (1/m’) Line: TotalIncident Molecular Flux (1/m2*s)

Figure 6: Total number density around the bottom flange
(left) and total incident molecular flux to the upper side of
the cell (right) in second and third coatings.
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Since the distribution of the incident Sn vapor simulated
by COMSOL and the location of the dots in the cavity are
in good agreement, it can simply be assumed that suppress-
ing the incident to the upper side of the cell will result in
suppressing the formation of the dots.

FOURTH Nb;Sn COATING

The incident of the Sn vapor to the upper side of the cell
can be suppressed by introducing an obstacle plate (shading)
as shown in Fig. 7.

Surface: Total number density (1/m) Line: Total Incident Molecular Flux (1/m*s)

Figure 7: Total number density around the bottom flange
(left) and total incident molecular flux to the upper side of
the cell (right) in fourth coating.

Although a more complex shading or diffuser could be
considered to suppress the incident of the Sn vapor while
maintaining good Sn diffusion, we adopted this simplest idea
for the fourth coating. The shading is made of Nb foil and
the other parts are made of Mo. The diameter of the shading
is ¢ 42 mm. The box made of Nb foil is for SnCl, (see Fig.
8).

Figure 8: Cross-section of bottom of coating furnace and
shading (left), and shading jig for fourth coating (right).

In addition, the cover of the top flange was newly fabri-
cated with Mo as shown in Fig. 9. It was made wide enough
(¢ 200mm) to cover the flange sufficiently to prevent dust
from entering the cavity during the cavity installation work
and due to the impact of the vacuum pump. The gap be-
tween the Mo cover and the top flange was opened 10 mm to
allow the excess Sn vapor in the cavity to escape during the
coating step. In addition, from the second and third coating,
it was found that the amount of Sn and SnCl, was excessive,
therefore the Sn was reduced to 1.5 g and SnCl, was also
reduced to 1.0 g for the fourth coating.

The parameters for each cavity coating are summarized
in Table 1.
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Figure 9: Setup of the cavity for third coating (left) and
fourth coating (right).

Cavity Coating

Figure 10 shows the upper side of the inner surface of the
cavity cell in the fourth coating and the SEM image of the
witness sample. No dots were observed in the fourth-coated
cavity. On the other hand, SEM analysis of the witness
sample shows that the center of the Nb;Sn grains appears
dark and concave, indicating the lack of Sn in the Nb;Sn
grains. These results suggest that the three changes made
for the fourth coating resulted in an insufficient supply of Sn
vapor for Nb;Sn formation.

Figure 10: Upper side of the inner surface of the cavity cell
in fourth coating (left) and SEM image of the witness sample
(right).

RF MEASUREMENT

Figure 11 shows the Q — E curves for all cavities coated
with Nb3Sn. The second-coated cavity in which the Sn
droplets were observed could not be measured at 4.2 K due
to its low Q. After cooling down to 2 K, the Q — E curve
could be measured and the Q is 6.0x 108. On the other hand,
the third-coated cavity shows a Q, of 1.1 x 1010 at 4.2 K,
although there were still dots on the inner surface. However,
a significant Q-slope was observed from 6 MV/m, possibly
due to additional annealing. The fourth-coated cavity shows
a Q, of 8.5 x 10° at 4.2 K and has the significant Q-slope
from 4 MV/m.

Figures 12 and 13 show the BCS resistance (Rpcg) and
the residual resistance (R,) for cavities coated with Nb3;Sn
except for the second-coated cavity. The first-coated cavity
has the highest Rgcg at low field and R, is low but has a
strong slope. The third-coated cavity has the lowest Rpcg
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Table 1: Coating Parameters

. Coating . Cavity .
No. Nucleation Furnace / Crucible Annealing Sn[g] Sn|g] Open / Close Shading
1 500°C4.5h 1100°C3h/1400°C3h - 2.0 2.7 Open -
2 600°C1h 1100°C3h/1300°C3h - 2.0 2.7 Close -
3 600°C1h 1100°C3h/1300°C3h 1100°C 3 h* 2.0 2.7 Close -
o o o Half-open ¢ 42 mm
4 600°C1h 1100°C3h/1300°C3h - 1.5 1.0 (10mm gap) Nb foil disk
*The cavity was removed from the furnace once and then reinstalled for annealing.
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Figure 11: Q — E curves for all cavities coated with Nb3Sn.

but the highest R,.,. The fourth-coated cavity is in between
for Rgcg but has the lowest R.;. However, both increase
strongly from 4 MV/m. The third- and fourth-coated cavities
behave similarly with respect to the Q — E curve, but the
Rpcs and R, behaviors are opposite. This indicates that
the characteristics of the Nb3Sn film in the cavities might be
essentially different between them. Nevertheless, what they
have in common is the possible lack of Sn in the Nb;Sn film.
Resolving this would overcome the significant Q-slope.

CONCLUSION

We have performed four Nb;Sn coatings on single-cell
cavities with various modifications. Modification of the Sn
crucible and installation of a clean booth has allowed Nb;Sn
coating in a more controlled Sn evaporation and cleaner
environment. The cavity performance is steadily improving,
although optimization of the coating parameters such as the
amount of Sn source, Sn vapor control, and heat treatment
steps is still in progress. We plan to continue to optimize
parameters and start with improvements related to source
amount and shading in the next coating.
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Figure 12: Rpcg for cavities coated with Nb3Sn.
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Figure 13: R, for cavities coated with Nb;Sn.
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